It is known that oxidative stress produced by proinflammatory myeloid cells plays an important role in demyelination and neuronal injury in progressive multiple sclerosis (MS). Myeloperoxidase (MPO) is a pro-oxidative enzyme released from myeloid cells during inflammation. It has been shown that MPO-dependent oxidative stress plays important roles in inducing tissue injury in many inflammatory diseases. In this report, we treated NOD experimental autoimmune encephalomyelitis (EAE) mice, a murine model of progressive MS, with N-acetyl lysyltyrosylcysteine amide (KYC), a novel specific MPO inhibitor. Our data showed that KYC treatment not only attenuated MPO-mediated oxidative stress but also reduced demyelination and axonal injury in NOD EAE mice. More importantly, we found that KYC treatment increased oligodendrocyte regeneration and neurogenesis in NOD EAE mice. Taken together, our data suggests that targeting MPO should be a good therapeutic approach for reducing oxidative injury and preserving neuronal function in progressive MS patients. NeuroReport 29:208-213
Introduction
Multiple sclerosis (MS) is a neuroinflammatory autoimmune disease. In MS, inflammation, demyelination, and axonal damage in both brain and spinal cord impair physical and cognitive abilities, eventually resulting in death of patients [1] . Accumulated evidence strongly supports the idea that oxidative stress plays a major role in demyelination and axonal damage [2] [3] [4] . During the progression of disease, activated microglial cells and macrophages produce a wide variety of oxidants that oxidize lipids, proteins, and DNA to increase tissue injury [5] . Recent studies have suggested that microglia/macrophage-dependent oxidative stress is one of the key driving forces to cause demyelination and neurodegeneration in progressive MS [6] [7] [8] . Despite such progress, few, if any, studies have been designed to determine how oxidative stress increases central nervous system (CNS) injury in progressive MS.
Myeloperoxidase (MPO) is one of the most potent prooxidative enzymes from myeloid cells [9, 10] and capable of generating a wide variety of oxidants [11] for oxidizing biomolecules and inducing cellular injury [10, 12] . Over the last 20 years, accumulated evidence has demonstrated that MPO indeed plays an active role in inflammation and demyelination in MS [13] [14] [15] [16] [17] [18] [19] . Inhibition of MPO activity in experimental autoimmune encephalomyelitis (EAE) models of MS reduced disease scores in mice [19, 20] , suggesting that MPO plays an important role in MS. We found that N-acetyl lysyltyrosylcysteine amide (KYC), a novel specific inhibitor for MPO, effectively attenuated disease severity in different EAE models when administered both prophylactically and therapeutically [20] . KYC markedly reduced MPO protein levels and activity, the number of myeloid cells, and blood-brain barrier leakage in the CNS of EAE mice. Our data suggested that inhibition of MPO could be an effective approach to reduce inflammation and oxidative injury in MS patients.
Previously we found KYC effectively reduced the EAE disease score in a monophasic C57BL/6 model [20] . As oxidative stress produced by proinflammatory myeloid cells plays an important role in demyelination and neuronal injury in progressive MS, we treated NOD EAE mice, a model for progressive MS [21] , with KYC. We found that KYC treatment not only attenuated MPO-mediated oxidative stress but also reduced demyelination and axonal injury in NOD EAE mice. More importantly, we discovered that KYC treatment increased oligodendrocyte regeneration and neurogenesis in NOD EAE mice. Taken together, we suggest that targeting MPO should be a good therapeutic approach for reducing the oxidative injury and preserving neuronal functions in progressive MS patients.
Materials and methods

Experimental autoimmune encephalomyelitis induction
Female NOD/ShiLtJ mice (8-10 weeks old) were purchased from Jackson Laboratory (Bar Harbor, Maine, USA), and housed in the Medical College of Wisconsin Biomedical Resource Center. All animal procedures were approved by the Institutional Animal Care and Use Committee. EAE was induced by myelin oligodendrocyte glycoprotein as described previously [22] . Briefly, mice were anaesthetized with 2% isoflurane, and immunized with 200 µg myelin oligodendrocyte glycoprotein peptide emulsified in complete Freund's adjuvant (Chondrex, Redmond, Washington, USA) containing 4 mg/ml Mycobacterium (subcutaneous injection, 50 µl/site, total 200 µl/mouse), followed by intraperitoneal injection of 200 ng pertussis toxin (List Biological Laboratories, Campbell, California, USA) on days 0 and 2.
Experimental autoimmune encephalomyelitis disease severity score
Mice were scored daily as follows: 0, no disease; 1, limp tail; 1.5, hind limb ataxia; 2, hind limb paresis; 2.5, partial hind limb paralysis; 3, total hind limb paralysis; 4, hind and fore limb paralysis; and 5, death. Mice were monitored for neurological disease by daily inspection and mice reaching score 4 were euthanized immediately. Wet food was placed in the cage once mice reached score 3. The duration of the experiment was 70 days [22] . A total of 40 mice were used for all experiments, of which only one mouse reached endpoint and was euthanized. No animal was found dead.
Drug administration
Groups of mice were administered intraperitoneally either PBS or KYC (Biomatik, Wilmington, Delaware, USA) 3.0 mg/kg once daily or 15 mg/kg twice daily from day 10 after postimmunization (EAE onset). KYC doses used were on the basis of our previous publication [20] .
Immunohistochemistry EAE mice were perfused with 4% paraformaldehyde on day 70 postimmunization. Spinal cords were removed and fixed in 4% paraformaldehyde overnight, then transferred to 20 and 30% sucrose for 1 day, respectively. Longitudinal spinal cord sections were cut by cryostat (CM1900; Leica, Wetzlar, Germany); 10-μm sections were used for immunohistochemistry. The following protocol was used to determine demyelination, neurofilament, MPO-mediated oxidant production, oligodendrocyte regeneration, and neuroregeneration in the spinal cords of mice. Frozen sections were incubated with 5% goat or donkey serum in 0.01 M PBS for 1 h. The sections were incubated with the following primary antibodies at 4°C overnight: goat anti-myelin basic protein (MBP) (sc-13914, 1 : 50; Santa Cruz, Dallas, Texas, USA), mouse ant-SMI31 (801601, 1 : 1000; Biolegend Inc., San Diego, California, USA), rabbit anti-chlorotyrosine (ClTyr) (HP5002, 1 : 50; Hycult Biotech, Plymouth Meeting, Pennsylvania, USA), mouse anti-MPO (HM1051, 1 : 50; Hycult Biotech), rabbit anti-NG2 (sc-20162, 1 : 50; Santa Cruz), mouse anti-O4 (MAB3450, 1 : 500; EMD Millipore, Billerica, Massachusetts, USA), mouse antiCNPase (sc-166063, 1 : 50; Santa Cruz). The sections were rinsed and incubated with goat or donkey corresponding secondary antibodies conjugated with Alexa Fluor 488 or 568 (1 : 200) for 1 h at room temperature. Finally, the sections were counterstained with 4′, 6-diamidino-2-phenylindole to visualize cell nuclei. Comparable spinal cord sections from the thoracic region in mice from normal control, PBS-treated and KYCtreated groups were selected for analysis. Images of three areas were captured at random using a fluorescence microscope (DP71; Olympus America Inc., Center Valley, Pennsylvania, USA). Counting of the immunostained positive cells in each area was determined using NIH ImageJ (NIH; Bethesda, Marryland, USA) and presented as counts per square millimeter by a single 'blind' investigator, who had no knowledge of assignment of treatment groups. Similarly, the mean gray value of immunofluorescence was quantified using NIH ImageJ and normalized by the level of normal control group. Effect of N-acetyl lysyltyrosylcysteine amide (KYC) on disease progression in progressive experimental autoimmune encephalomyelitis (EAE). Induction of chronic progressive EAE in NOD/ShiLtJ mice and KYC treatment was described in the Materials and methods section. The disease scores were evaluated daily starting at day 8 after EAE induction. n = 20 for PBS, n = 10 for KYC 3 mg/kg, or 15 mg/kg groups. Statistical analysis: KYC vs. PBS, repeated-measure two-way analysis of variance, *P < 0.05, ***P < 0.001.
Statistical analysis
Data were presented as mean SEM. EAE disease scores were analyzed using repeated measure two-way analysis of variance. Other statistical analyses were performed using one-way analysis of variance with the appropriate post-hoc test for multiple comparisons.
A P value that is less than 0.05 was considered statistically significant.
Results and discussion
It is known that irreversible demyelination and axonal injury are major hallmarks for progressive MS. Up to date, Fig. 2 Effect of N-acetyl lysyltyrosylcysteine amide (KYC) on oxidative stress in NOD experimental autoimmune encephalomyelitis (EAE) mice. Frozen sections of spinal cords of NOD mice 70 days after EAE induction were immunostained with an antibody against myeloperoxidase (MPO) (a), chlorotyrosine (ClTyr) (c). The bar graphs (b, d) are the results of fluorescence intensity (FI) analysis of (a) and (c), respectively. Data are expressed as mean SEM. One-way analysis of variance with Bonferroni's test, **P < 0.01, ***P < 0.001, n = 5/group. /mm 2 ) of SOX2 + and DCX + cells, respectively. One-way analysis of variance with Bonferroni's test, *P < 0.05, **P < 0.01, ***P < 0.001, n = 5/group. no therapeutic tools are available to halt or even slow down this process. We investigated if KYC treatment can slow down the progress of EAE in NOD mice. We induced EAE in NOD mice and treated NOD EAE mice with PBS or KYC (3 mg/kg/day or 15 mg/kg/twice per day, intraperitoneal) ( Fig. 1) . We found that KYC significantly reduced disease scores in NOD EAE mice even at the dose of 3 mg/kg/day [PBS (n = 20) vs. KYC (n = 10), P < 0.05]. Increasing the KYC dose to 15 mg/kg/ twice per day further decreased the disease scores of NOD EAE mice [PBS (n = 20) vs. KYC (n = 10), P < 0.001]. EAE in NOD mice is progressive [21] and the severity of the disease increases during the course of the disease. It might require more KYC for treatment than monophasic C57 EAE mice [20] . Nevertheless, our data suggested that MPO oxidation damages neuronal functions in progressive MS.
Next, we determined the changes of MPO and its oxidation products in the spinal cords of NOD EAE mice 70 days after EAE induction. Our data showed that EAE significantly increased MPO in the spinal cords of NOD EAE mice (n = 5, P < 0.001) (Fig. 2a and b) . Treatment with KYC markedly reduced the amount of MPO in the spinal cords of NOD EAE mice (n = 5, P < 0.01) (Fig. 2a  and b) . To confirm that inhibition of MPO activity and reduction of MPO level leads to the reduction of MPOmediated oxidation, we analyzed the levels of ClTyr, a specific marker for MPO-oxidation in the spinal cord sections. We found that ClTyr was increased in NOD EAE mice compared with normal controls, which was significantly reduced by KYC treatment (n = 5, P < 0.01) ( Fig. 2c and d) . Previous studies have shown that activation of microglia and neutrophils results in the increase of MPO in MS [17, 19, 20] . Inhibition of MPO not only reduced the level of oxidative stress but also the number of myeloid cells in the CNS of EAE mice [19, 20] . In agreement with previous reports [17, 19, 20] , NOD EAE mice also have an increased number of microglia that leads to the increase of MPO-mediated oxidative stress. Inhibition of MPO activity reduces MPO-dependent oxidative stress, and consequentially, reduces inflammation and microglia activation.
Demyelination and axonal injury are the hallmarks of MS. We determined the effect of KYC on both demyelination and axonal injury in NOD EAE mice. Inducing EAE in NOD mice reduced MBP (n = 5, P < 0.01), a marker for myelination, and phosphorylated neurofilament H for axon (n = 5, P < 0.01) in the spinal cords of NOD EAE mice (Fig. 3a-d) . KYC treatment noticeably reduced the loss of MBP (KYC vs. PBS, n = 5, P < 0.05) and phosphorylated neurofilament H (KYC vs. PBS, n = 5, P < 0.05). Although the detailed mechanism of how inhibition of MPO protects myelin membrane and neuronal axon is still unknown, inhibition of MPO could attenuate the direct oxidative injury to myelin and neuronal axon or reduce the overall inflammation, such as decreasing microglia activation.
Finally, we investigated if KYC treatment can promote oligodendrocyte regeneration and neurogenesis in NOD EAE mice. To determine if inhibition of MPO activity could increase oligodendrocyte regeneration, we immunostained NG2
+ cells for oligodendrocyte progenitor cells and O4
+ cells for early oligodendrocyte progenitor cells [23] . Our results showed that KYC significantly increased the number of NG2 + (Fig. 4a and b , P < 0.05) and O4
+ cells (Fig. 4c and d , P < 0.01). Moreover, staining spinal cords from NOD EAE mice with CNPase antibody, a marker for oligodendrocytes forming myelin, showed that KYC significantly increases CNPase in the CNS of EAE mice (Fig. 4e and f, P < 0.01). These results indicate that MPO plays a deleterious role in oligodendrocyte regeneration, and KYC, through inhibiting MPO activity, protects and promotes the oligodendrocyte regeneration in NOD EAE mice. We also evaluated the changes in neural stem cells (NSC) in the spinal cords of NOD EAE mice. SOX2 is a transcription factor critical in maintaining NSC [24] . EAE increased SOX2
+ NSC but KYC treatment further augmented SOX2
+ NSC in NOD EAE mice (Fig. 5a and b, P < 0.001), which agreed with a previous study of stroke [25] . Moreover, KYC also increased the number of doublecortin + cells, an indicator for immature neurons ( Fig. 5c and d , P < 0.01). Our data demonstrated for the first time that inhibition of MPO could protect and promote oligodendrocyte regeneration and neurogenesis in progressive MS. Previously, a study showed that inhibition of MPO increased neurogeneration in a murine model of stroke [25] . Here, we present data clearly suggesting that inhibition of MPO could be an effective strategy for increasing the repair of myelin and axon in progressive MS patients.
Conclusion
Our data strongly suggests that MPO plays a major role in progressive MS oxidative injury, thus inhibition of MPO could be an important therapeutic tool for progressive MS patients.
